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ABSTRACT

INI1/hSNF5/SMARCB1/BAF47 is an HIV-specific integrase (IN)-binding protein that influences HIV-1 transcription and parti-
cle production. INI1 binds to SAP18 (Sin3a-associated protein, 18 kDa), and both INI1 and SAP18 are incorporated into HIV-1
virions. To determine the significance of INI1 and the INI1-SAP18 interaction during HIV-1 replication, we isolated a panel of
SAP18-interaction-defective (SID)-INI1 mutants using a yeast reverse two-hybrid screen. The SID-INI1 mutants, which retained
the ability to bind to IN, cMYC, and INI1 but were impaired for binding to SAP18, were tested for their effects on HIV-1 particle
production. SID-INI1 dramatically reduced the intracellular Gag/Gag-Pol protein levels and, in addition, decreased viral particle
production. The SID-INI1-mediated effects were less dramatic in trans complementation assays using IN deletion mutant vi-
ruses with Vpr-reverse transcriptase (RT)-IN. SID-INI1 did not inhibit long-terminal-repeat (LTR)-mediated transcription, but
it marginally decreased the steady-state gag RNA levels, suggesting a posttranscriptional effect. Pulse-chase analysis indicated
that in SID-INI1-expressing cells, the pr55Gag levels decreased rapidly. RNA interference analysis indicated that small hairpin
RNA (shRNA)-mediated knockdown of INII reduced the intracellular Gag/Gag-Pol levels and further inhibited HIV-1 particle
production. These results suggest that SID-INI1 mutants inhibit multiple stages of posttranscriptional events of HIV-1 replica-
tion, including intracellular Gag/Gag-Pol RNA and protein levels, which in turn inhibits assembly and particle production. In-
terfering INI1 leads to a decrease in particle production and Gag/Gag-Pol protein levels. Understanding the role of INI1 and
SAP18 in HIV-1 replication is likely to provide novel insight into the stability of Gag/Gag-Pol, which may lead to the develop-
ment of novel therapeutic strategies to inhibit HIV-1 late events.

IMPORTANCE

Significant gaps exist in our current understanding of the mechanisms and host factors that influence HIV-1 posttranscriptional
events, including gag RNA levels, Gag/Gag-Pol protein levels, assembly, and particle production. Our previous studies suggested
that the IN-binding host factor INI1 plays a role in HIV-1 assembly. An ectopically expressed minimal IN-binding domain of
INI1, S6, potently and selectively inhibited HIV-1 Gag/Gag-Pol trafficking and particle production. However, whether or not
endogenous INI1 and its interacting partners, such as SAP18, are required for late events was unknown. Here, we report that
endogenous INI1 and its interaction with SAP18 are necessary to maintain intracellular levels of Gag/Gag-Pol and for particle
production. Interfering INI1 or the INI1-SAP18 interaction leads to the impairment of these processes, suggesting a novel strat-
egy for inhibiting posttranscriptional events of HIV-1 replication.

Despite advances in the treatment of human immunodefi-
ciency virus type 1 (HIV-1) infection, the AIDS pandemic
remains unabated. The current FDA-approved antiretrovirals tar-
get entry, reverse transcription, integration, and virion morpho-
genesis but not transcriptional or posttranscriptional events that
lead to particle production (1). During HIV-1 replication, tran-
scription of the integrated provirus leads to the production of a
single 9-kb transcript that is subsequently processed into singly or
multiply spliced mRNAs. The unspliced viral RNA encodes
pr55Gag (Gag) and pr160Gag-Pol precursor polyproteins (at a
ratio of ~20:1), which traffic through the cytoplasm to the plasma
membrane for assembly and budding. A wealth of knowledge ex-
ists on the role of Gag and Gag-binding host proteins during as-
sembly and budding (2-5). However, little is known about the role
of Gag-Pol or the effects of Pol-binding proteins on assembly.
Genetic studies have demonstrated that mutations in the Pol
region of Gag-Pol, comprising protease (PR), reverse transcrip-
tase (RT), and integrase (IN), can lead to defects in particle mor-
phology, virion release, uncoating, reverse transcription, or nu-
clear localization of the preintegration complex (6-13). The
mechanism by which the Pol region within Gag-Pol influences
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these events is poorly understood. It is well established that Gag
alone is sufficient for assembly and particle production. However,
when Gag-Pol is present, mutations of IN have been shown to lead
to defects in assembly and particle morphogenesis (14, 15). How
IN or Pol mutations could influence assembly has not been eluci-
dated. There are several hypotheses, one of which is that muta-
tions in IN or Pol interfere with Gag and Gag-Pol oligomerization,
thereby disrupting the assembly process (11, 13). Another hy-
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pothesis is that defects in IN may lead to premature protease ac-
tion within the cells, and it has been shown that the inhibition of
protease catalytic activity overcomes the assembly defects medi-
ated by at least some of the IN mutants (12). A third hypothesis is
that IN interacts with cellular proteins that are important for as-
sembly. In this case, mutations within the IN region that disrupt
interactions of Gag/Gag-Pol with cellular proteins would lead to
assembly defects. In support of this hypothesis, we have previously
demonstrated that trans dominant-negative mutants of the HIV-1
IN-interacting protein 1 (INI1)/hSNF5 that bind to the IN por-
tion of Gag-Pol inhibit assembly in an IN-dependent manner (16,
17). Furthermore, INI1 interaction-defective mutants of HIV-1
IN (IID-IN) lead to defects in particle morphogenesis and
infectivity (15). Additional studies have also shown that drugs
(LEDGINS) that disrupt the interaction between IN and LEDGF,
an essential cellular cofactor for IN, as well as allosteric inhibitors
of IN (ALLINIs), impair particle morphogenesis and the infectiv-
ity of the virions (18, 19). It was subsequently demonstrated that
ALLINTs increase the multimerization of IN (18, 20). These ob-
servations corroborate the hypothesis that Pol-binding host pro-
teins or events that interfere with Pol function may influence the
assembly process.

INI1/hSNF5, an HIV-1 IN-binding protein, is a tumor sup-
pressor and a component of the chromatin remodeling, ATP-
dependent SWI/SNF complex involved in transcriptional reg-
ulation (21). INI1/hSNF5 has multiple roles during HIV-1
replication. It has been shown to influence integration in vitro,
long-terminal-repeat (LTR) transcription in vivo, and particle
production in producer cells (21-29). The expression of an INI1
mutant comprised of the minimal IN-binding domain of INI1
(IBDj; amino acids [aa] 183 to 294, also termed S6), potently and
trans dominantly inhibits HIV-1 particle production without sig-
nificantly affecting intracellular Gag/Gag-Pol levels (16). The in-
hibitory function of S6 {and a smaller fragment, S6 repeat 1
[S6(Rpt1)], aa 183 to 265} is correlated with the unmasking of a
nuclear export sequence (NES) and its ectopic localization in the
cytoplasm (16, 30, 31). INI1 selectively binds to HIV-1 but not
other lentiviral INs, and it is incorporated into HIV-1 but not
other lentiviral virions (17). The inhibition mediated by S6(Rpt1)
is specific to HIV-1 (17). Together, these results indicate that an
ectopically localized trans dominant-negative mutant of INT1 se-
lectively binds to IN within the context of Gag-Pol to inhibit as-
sembly and particle production. However, the mechanism by
which S6, the INI1 mutant, inhibits HIV-1 assembly is not known,
and whether endogenous INI1 is required for assembly remains
unanswered.

To understand the role of INI1 in HIV-1 replication, it is im-
portant to know its cellular function. However, the function of
INT1 within the SWI/SNF complex is not completely understood.
Itis thought to actas an adaptor protein that bridges the interaction of
SWI/SNF components with sequence-specific transcription factors,
thus recruiting the complex to the site of transcription (32). Because
of INI1’s ability to mediate multiple protein-protein interactions,
we hypothesized that INI1-binding cellular proteins influence
HIV-1 assembly and that identifying these cellular proteins would
provide insight into the underlying mechanism. In an attempt to
identify cellular proteins that bind to INI1 to understand its role in
assembly, we previously screened a yeast two-hybrid library and
identified SAP18 (Sin3a-associated protein, 18 kDa) as an inter-
acting protein for INI1 (33). We demonstrated that SAP18 binds
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to INI1 and HIV-1 IN and that it is incorporated into HIV-1 (but
not simian immunodeficiency virus [SIV] or human T-cell lym-
photropic virus type 1 [HTLV-1]) virions (33). The role of SAP18
and its interaction with INI1 during assembly remains to be de-
termined.

In this report, we have isolated and characterized a panel of
SAP18-interaction-defective mutants of INI1 (SID-INI1) to de-
termine whether the INI1-SAP18 interaction is required for
HIV-1 particle production. The SID-INI1 mutants were isolated
using a reverse yeast two-hybrid system. These SID-INI1 mutants
are full-length INII proteins harboring substitutions that impair
their interaction with SAP18. We characterized the effect of an
SID-INI1 mutant that retained its ability to bind to IN and other
INI1-binding proteins, such as cMYC, but was impaired for bind-
ing to SAP18. We found that SID-INI1 mutants exerted profound
effects on HIV-1 particle production and impaired Gag levels and
stability. Our analysis also indicated that the INI1 mutants did not
affect LTR-mediated transcription but did affect Gag protein sta-
bility, suggesting that their effect is mediated at a posttranscrip-
tional/translational level. Furthermore, in this report, we em-
ployed small hairpin RNA (shRNA)-mediated knockdown of
endogenous INI1 in 293T cells. We found that full-length INI1 is
required to maintain Gag levels, as well as for particle production.
These studies suggest a role for INI1 in posttranscriptional events
that affect Gag levels and particle production.

MATERIALS AND METHODS

Reverse yeast two-hybrid analysis and glutathione S-transferase (GST)
pulldown assays. The reverse two-hybrid assay was carried out essentially
as described previously (34). In brief, a plasmid expressing a LexA-INT1
fusion protein (pSH2-INI1) was subjected to random mutagenesis to gen-
erate a random mutagenesis library using low-fidelity Taq polymerase.
The plasmid library was screened against a fusion protein comprising the
GALA4 activation domain fused to SAP18 (GAL4AC-SAP18) that was ex-
pressed from pGADNot-SAP18 in yeast. The X-Gal (5-bromo-4-chloro-
3-indolyl-B-p-galactopyranoside) assay was used to identify INI1 mu-
tants that resulted in white colonies due to INI1-SAP18 interaction
defects. Interaction-defective clones were subjected to quality control by
retesting to confirm their interaction defect and by subjecting protein
isolated from white colonies to Western blot analysis to confirm stable
expression of the interacting proteins. Plasmids were sequenced to iden-
tify mutations, and the specificity of the interaction defect was tested by
their ability to interact with fusion proteins consisting of GAL4AC fused
to cMYC, HIV-1 IN, and INI1. The strengths of interaction of the wild-
type and the mutant INI1 with various INI1-interacting proteins were
determined by the time of appearance of the blue color in the assay. The
experiment was conducted at least three independent times to derive the
results. Times of appearance within 0.5 h, 1 h, 2 h, and 3 h were assigned
strengths of interaction of strong, moderately strong, weak, and very
weak, respectively. The strongest interaction was between wild-type INT1
and HIV-1 IN.

The GST pulldown assay was performed essentially as described else-
where, by expressing SID-INI1 mutants as 6His-tagged proteins in bacte-
ria and testing for their ability to interact with GST-SAP18 immobilized
onto glutathione agarose beasds (G-beads) (33).

Viral DNA transfection, viral particle production, and p24/p27
ELISA. The production and analysis of the HIV-1 three-plasmid-based
vector (3pV) and HIV-1,; ,_; full-length molecular clone were carried out
as described elsewhere (30). The 3pV plasmid-based-vector system is a
kind gift of Trono and consists of the following three plasmids, which
were cotransfected in a ratio of 1:2:1, respectively: (i) pMDG, expressing
vesicular stomatitis virus envelope glycoprotein (VSVg) for pseudotyp-
ing; (ii) pHR’'CMV-GFP, a transducing vector expressing green fluores-
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cent protein (GFP); and (iii) pPCMVARS.2, expressing Gag-Pol under the
cytomegalovirus (CMV) promoter. During the transfections, a 15-fold
excess of the plasmid encoding the INI1 mutant to the plasmid expressing
Gag-Pol was used. The effects of INI1 mutants were monitored when the
transfection efficiency was 90% or greater. The viral supernatants were
collected 24 h after the medium was switched. SIV-based vectors (a kind
gift of A. Nienhuis, St. Jude’s) were prepared using pCL20cSLFRMSCV-
GFP, pCAG-SIVgprre, pPCAG4-RTR-SIV, and pMDM-VSVg in a 5:3:1:1
ratio (35). The protease mutants of HIV-1 were a kind gift of E. Freed (36).
The HIV-1 vectors used for the IN trans complementation assay, SG3-IN
and Vpr-RT-IN, were as reported previously (16, 37). The HIV-1 viral
capsid levels in the medium were determined by measuring p24 levels
using either an enzyme-linked immunosorbent assay (ELISA) (catalog
number 5421; Advanced Bioscience Laboratories) or the AlphaLISA kit
(product number AL207F; PerkinElmer). The SIV capsid levels were mea-
sured by determining p27 CA levels using an ELISA kit (catalog number
5436; Advanced Bioscience Laboratories).

Methylene blue uptake assay to determine cell viability. 293T cells
were transfected with pNL4-3 and INI1 or SID-INI1 or shRNA con-
structs as described above, and after transfection, the cells were washed
and then treated with 0.5% methylene blue (formulated in a 1:1 ratio
of ethanol-water [vol/vol]) and incubated at room temperature for 1 h.
After treatment, the cells were washed and dried. To each well, 1 ml of
1% SDS was added to solubilize cell membranes. The plates were in-
cubated with agitation on a rotator at room temperature for 1 h. The
resulting cell lysate was collected, and the methylene blue was mea-
sured by reading the optical density at 630 nm (ODyg;,) of the sample
from each well.

Dual-luciferase assay to determine the effect on LTR transcription.
293T cells were transfected with 2 g pCGN-INI1 or pCGN-SID-INI1,
200 ng of pLTR-Luc, 10 ng of pPCMV-Renilla, 200 ng of GFP, and 50 ng of
pcDNA-tat and/or pcDNA to a total of 3 g in 12-well plates. Cells were
collected 24 h posttransfection and lysed in 50 pl passive lysis buffer
(PLB), and 10-pl amounts were added in triplicate to a white-walled
96-well plate. Luciferase was measured using a Victor2 multiplate reader
(Perkin-Elmer). Luminometer readings were set to a sequence of 2-s pre-
measurement delay, addition of LARII reagent, 10-s measurement, 2-s
premeasurement delay, addition of Stop & Glo, and 10-s measurement.
Values were normalized to total protein concentration.

Reverse transcription-qPCR to determine the levels of gag RNA. To-
tal RNA (2 pg) samples extracted from cells expressing HIV-1 and INI1
and SID-INI1 using an RNeasy kit (catalog number 74104; Qiagen) were
treated with DNase I (Applied Biosystems) and subjected to reverse tran-
scription. An amount of 6.4 ng of viral cDNA was subjected to quantita-
tive PCR (qPCR) using 2X Sybr green master mix (Fermentas) or
TagMan master mix (catalog number 4444556; Thermo Fisher Scientific)
and the following late reverse transcription primers that amplify gag: for-
ward, 5'-TGTGTGCCCGTCTGTTGTGT-3, and reverse, 5'-GAGTCCT
GCGTCGAGAGAGC-3'. qPCR was performed using a ABI 7700 real-
time PCR machine and analyzed using SDS2.1 software.

Pulse-chase (**S) analysis of viral proteins. 293T cells were trans-
fected with 2 pg of HIV-1 and 30 wg of pCGN-INI1 or pCGN-SID-
INI1-B by using the calcium chloride precipitation method. The medium
was changed after 16 h, and the culture incubated for an additional 2 h and
labeled with [**S]Met-Cys (catalog number NEG072; Perkin-Elmer). Af-
ter labeling, the cells were washed in Dulbecco modified Eagle medium
without methionine or cysteine [DMEM(—Cys/—Met)] (catalog number
D0422; Sigma), resuspended in 5 ml of DMEM(— Cys/—Met), and incu-
bated at 37°C for 30 min to starve the cells. The medium was removed and
replaced with 3 ml of DMEM(—Cys/—Met) plus 2% fetal bovine serum
(FBS). [**S]Met-Cys was added to each plate at a concentration of 250
pCi/mlin 3 ml and incubated for 1 h at 37°C. The medium was removed,
the cells were washed once with DMEM, and 10 ml of chase medium
(DMEM plus 10% FBS, 5 mM methionine, and 5 mM cysteine) was added
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to each plate. The supernatants and cell pellets were collected at 0, 2, 4, and
6 h postchase.

Isolation of *>S-labeled viral particles and intracellular **S-labeled
viral proteins. To harvest virus, supernatants were clarified by low-speed
centrifugation, filtered through a 0.45-pm cellulose acetate syringe filter
(catalog number 431220; Corning), and ultracentrifuged in a polyallomer
tube (catalog number 331372; Beckman) at 35,000 rpm for 45 min at 4°C.
The supernatant was removed, and the virus pellet was resuspended in 1
ml of phosphate-buffered saline (PBS). The sample was incubated at
room temperature for 15 min and brought up to 4 ml with PBS. The virus
pellet was then subjected to a step gradient centrifugation using a 20%
sucrose cushion at 35,000 rpm for 2 h at 4°C. The supernatant was re-
moved and the pellet resuspended in 1 ml of lysis buffer (0.1 mM EDTA,
150 mM NaCl, 5 mM MgCl,, 5mM CaCl2, 1 mM dithiothreitol [DTT], 20
mM HEPES-KOH, pH 7.9, 1% Triton X-100, protease inhibitor tablet [1
per 10 ml]). Meanwhile, the intracellular proteins were collected by wash-
ing cells once with PBS and resuspending them in 1 ml of lysis buffer.

Immunoprecipitation of intracellular HIV Gag. After the addition of
lysis buffer, cell lysates and viral supernatants were incubated at 4°C for 1
h with rotation. Samples were spun briefly to pellet debris, the superna-
tant transferred to a new tube, and the pellet discarded. The supernatant
was precleared with 40 .l of protein G Dynabeads (catalog number 100-
03D; Invitrogen) for 2 h at 4°C with rotation. The supernatants were
briefly centrifuged to pellet the beads, and the supernatant was then trans-
ferred to a new tube and the beads discarded. Two microliters of anti-p24
antibody was added to each sample. The samples were incubated over-
night at 4°C with rotation. The next day, 40 pl of PBS-washed protein G
Dynabeads were added to the samples, which were then incubated for an
additional 3 h. The beads were washed 5 times with 500 pl to 1 ml of wash
buffer (20 mM HEPES-KOH, pH 7.9, 150 mM NaCl, 0.1 mM EDTA, 1
mM DTT, 1% Triton X-100, protease inhibitor tablet [1 per 10 ml]),
resuspended in 20 pl of PBS followed by 20 nl of 5X SDS dye, and loaded
onto a 15% SDS—polyacrylamide gel. The gel was fixed with 40% metha-
nol, 10% acetic acid in water for 1 h, rinsed for 10 min in water, and
treated with 25 ml of 1 M salicylic acid (in water) containing 2% glycerol
for 1 h. The gel was dried for 1.5 h using a gel dryer set to 80°C. The dried
gel was exposed for 2 days to X-ray film.

Confocal microscopy. Cells were transfected using the CaCl, precip-
itation method at 10 to 30% confluence in 2- or 4-well chamber slides
(catalog number 177399; Nunc) using 0.063 g pNL4-3 and 0.94 g plas-
mids, pCGN-INII1, or pCGN-INII1-B per chamber. The medium was
changed 16 h after the addition of DNA, and cells were fixed and stained
24 h after the medium was changed. The cells were fixed using Eddy fix
(38) (3.7% paraformaldehyde, 0.1% glutaraldehyde, 0.15 mg/ml saponin
in PBS) for 15 min at room temperature, washed three times with PBS,
and permeabilized with 0.5% Triton X-100 for 10 min at room tempera-
ture, followed by RNase treatment for 45 min at 37°C. Cells were then
washed and blocked for 1 h with 2.5% bovine serum (catalog number
A2153; Sigma) and incubated with anti-p24 antibody at 1:500 and anti-
hemagglutinin (HA)-fluorescein isothiocyanate (FITC) antibody (catalog
number H7411; Sigma) at 1:750 in 1.5% bovine serum albumin (BSA) for
3 h at 37°C, followed by three washes with PBS. Samples were then incu-
bated with anti-phycoerythrin (PE)-conjugated secondary antibody or
anti-FITC antibody, for control purposes, at 37°C for 1 h. Cells were
subsequently washed three times with PBS. A coverslip (catalog number
125485E; Fisher) was mounted using mounting medium containing 4’,6-
diamidino-2-phenylindole (DAPI) (catalog number H-1200; Vector Lab-
oratories). Images were collected sequentially using a Leica sp2 or sp5
confocal microscope at X63 magnification and 6.5X zoom, with a line
average of 4. Z-stacks were taken as 0.5-pum slices with a line average of 4.
Images were analyzed using Image] (and Photoshop) software and saved
as TIFF files.

Immunohistochemistry. The INI1 antibodies that are available have
been used successfully in immunohistochemical studies on tumor sec-
tions with antigen retrieval (39). However, these antibodies did not work
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well on cultured cells. Therefore, we developed a method to detect endog-
enous INI1 protein, along with p24, in shRNA-treated cells based on the
established immunohistochemical methods. With the help of the Albert
Einstein histopathology core, a method for the detection of endogenous
INI1 was developed using anti-BAF47 antibody (catalog number 6121105
BD Biosciences). After transfection with shRNAs and pNL4-3, the 293T
cells were washed and fixed on the plate for 15 min with 4% formalin. The
cells were collected, washed, and resuspended in 200 to 300 .l of liquefied
HistoGel, and the mixture was placed into a plastic mold for 1 h at room
temperature. The cell-containing gel blocks were then embedded in wax
blocks, which were cut into slices and placed onto slides. This procedure is
very similar to the one used for cells in suspension in preparation for
microscopy. Immunohistochemistry was subsequently performed on the
sections containing the cells, following antigen retrieval by heating in a
steamer for 20 min with 1 mM EDTA, 10 mM Tris-Cl, pH 9, and cooling
for 30 min at room temperature, followed by 2 min of washing with
Tris-buffered saline (TBS). The slides were dried, and a circle was drawn
around the samples using a PAP pen. The samples were then washed 3
times with TBS, followed by blocking for 1 h with 5% donkey serum, 2%
BSA, 0.3 M glycine, 0.4% Triton X-100 in PBS. After blocking, the samples
were incubated in a moist chamber with the primary antibodies anti-
BAF47 antibody (catalog number 612110; BD Biosciences) and anti-p24
antibody (a gift from David Ott) overnight at 4°C or with IgG control in
5% BSA. The next day, the samples were washed well with TBS (4 times for
5 min each) and incubated with the secondary antibodies anti-goat-PE
antibody (catalog number sc-3747), anti-rabbit-Alexa Fluor 594 antibody
(catalog number A-21207; Life Technologies), and anti-mouse-Alexa
Fluor 488 antibody (catalog number A-21202; Life Technologies), respec-
tively, for 1 hat room temperature. Samples were washed 2 times for 5 min
each and cleared in xylene for 3 min, and a coverslip was mounted using
DAPI mounting medium. Image capture and analysis were carried out as
described above.

RESULTS

Isolation of INI1 mutants defective for binding to SAP18. To
determine the importance of INI1’s interaction with SAP18, we
isolated mutants of INI1 unable to bind to SAP18 (SID-INI1) by
using a reverse yeast two-hybrid system (for methods, see refer-
ence 34). Briefly, arandom mutation library of INI1 was generated
using the low-fidelity Taq polymerase and the products cloned
into a yeast two-hybrid system vector, pSH2-1, as fusion proteins
fused to the LexA DNA-binding domain. The library was screened
against SAP18 expressed as a fusion protein fused to the GAL4-
activation domain, and interaction was detected by the activation
of the LacZ reporter gene. Interaction between INI1 and SAP18
resulted in blue colonies in the yeast two-hybrid system, and a lack
of interaction resulted in white colonies. The clones isolated from
white colonies were subjected to a series of quality control exper-
iments, including (i) isolation and restriction digestion of the
plasmid to ensure the presence of the insert and lack of rearrange-
ments, (ii) retesting for the interaction defect by retransformation
of the plasmid into yeast, and (iii) testing for stable expression of
proteins (34). Those clones that passed the quality control testing
were sequenced, and the positions of the mutations in INI1 were
identified (Fig. 1A and B). As another quality control and to de-
termine the specificity of the interaction defect, the SID-INI1
clones were tested for their ability to bind to other INI1-interact-
ing proteins, such as INI1 (for dimerization), HIV-1 IN, and
cMYC, using a yeast two-hybrid system (Fig. 1B). Clones B9
(termed SID-INI1-B) and D6 (termed SID-INI1-D) were selec-
tively defective for binding to SAP18 but retained their ability to
bind to INI1, IN, and cMYC (Fig. 1B). Clone C9 exhibited a defect
in its interactions with all INII binding partners except INI1
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(Fig. 1B). Clone F7 exhibited defects in interactions with all INI1
interaction-defective mutants except cMYC (Fig. 1B). The re-
maining clones, F6 and G12, exhibited generally weak interactions
with all partners tested (Fig. 1B).

To confirm the yeast two-hybrid results, we also carried out an
in vitro GST pulldown assay using hexahistidine (6His)-tagged
SID-INII mutants (except for E7, which carried three substitu-
tions) and GST-SAP18, expressed in bacteria. First, the expression
levels of the various mutants were analyzed using immunoblot
analysis. Equal levels of proteins were used for in vitro binding
(Fig. 1C). The binding reactions were subjected to immunoblot
analysis using anti-6His antibody to detect the bound wild-type
INI1 and mutant proteins. The results of these analyses indicated
that, while the SID-INI1 mutants were completely defective for
binding to SAP18 in a two-hybrid screen, they were partially or
fully defective for binding to GST-SAP18 using the in vitro pull-
down assay. Clones B9, D6, and C9 were partially defective, and
clones F6 and G12 were fully defective (Fig. 1D).

SID-INII1 mutants selectively inhibit HIV-1 particle produc-
tion at two distinct stages. To determine the effect of expressing
SID-INII mutants on HIV-1 replication, we chose mutants B9
(bearing substitutions of A for G at position 69 and E for V at
position 336 [G69A V336E]; referred to as SID-INI1-B) and D6
(N152S R2421; referred to as SID-INI1-D) for further study for the
following reasons. These mutants were specifically defective in
binding to SAP18 but retained the ability to bind to INI1, IN, and
cMYCin the yeast two-hybrid system (Fig. 1B), and they were well
expressed in 293T cells (Fig. 1E, top). In contrast, mutant C9 ex-
hibited defective binding to IN, c-Myc, and SAP18 and, hence, was
not specific to SAP18. Although mutants F6 and G12 appeared to
be specifically defective for binding to SAP18, they were not well
expressed in 293T cells (Fig. 1E, top). For these reasons, C9, F6,
and G12 were not studied further. Of the two mutants B9 and D6,
which exhibited very similar effects, we chose mutant B9 for fur-
ther study, and we termed it SID-INI1-B. First, we examined the
effects of HA-SID-INI1 mutants on the particle production of the
three-plasmid-based HIV-1 vector (3pV) in 293T cells, where
Gag-Pol is expressed under the control of a CMV promoter. We
found that there was an ~3-log (~1,000-fold) decrease in the level
of p24 in the culture supernatant and ~1- to 2-log decreases (10-
to 40-fold) in intracellular p24 when the HA-SID-INI1-B and -D
mutants were expressed (Fig. 2A and B). We also calculated the
particle production efficiency by determining the fractions of in-
tracellular and culture supernatant-associated p24 and comparing
these to the total p24 in a given sample (expressed as percentages
of the total). The HA-SID-INI1 mutants reduced the intracellular
Gag levels, as well as the particle production efficiency (Fig. 2A to
C). While control cells expressing HA-INII released 76% of the
total p24 into culture supernatants, cells expressing the HA-SID-
INI1 mutants released 19 to 27% of the total p24 (Fig. 2C).

To rule out the possibility that the HA-SID-INI1-mediated
inhibition was due to nonspecific effects on cellular functions, we
tested the influence of these mutants on the replication of simian
immunodeficiency virus (SIV)-based vectors. SIV IN does not
interact with INTI (human and macaque INII proteins are 100%
conserved), and neither INI1 nor SAP18 is recruited into SIV vi-
rions (16). The HA-SID-INI1 mutants inhibited SIV intracellular
viral protein synthesis by ~1 log (8- to 10-fold), and particle pro-
duction was also reduced by a similar ~1 log (6- to 10-fold) (Fig.
2A and B). Furthermore, the SIV virus particle production ef-
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FIG 1 Isolation and characterization of SID-INI1 mutants. (A) Cartoon of INI1, illustrating the positions of mutations that result in defects in binding to SAP18.
The designations of the clones bearing the mutations are in parentheses. RPT, repeat; HR3, homology region 3; NES, nuclear export sequence; IBD, minimal
integrase binding domain; DBD, nonspecific DNA binding domain. (B) Table indicating the SID-INI1 mutations and their interaction with SAP18 and other
INI1-interacting proteins. —, no interaction; +/—, very weak interaction; +, weak interaction; + +, moderately strong interaction; + + +, strong interaction. (C
and D) Immunoblot analysis with anti-6His antibody of 6His-INI1 and 6His-SID-INI1 mutants expressed in bacteria (C) and in vitro GST-pulldown assay
showing the interactions between the 6His-INI1 or SID-INI1 mutant proteins and GST or GST-SAP18 (D). (D) Top, bound 6His-INI1 and 6His-SID-INT1
proteins; bottom, loading of GST and GST-SAP18 proteins. (E) Immunoblot analysis of the expression of HA-SID-INI1 mutants in 293T cells, using anti-HA-
horseradish peroxidase (HRP), anti-BAF47 (INI1), and anti-GAPDH antibodies. While anti-HA antibody detects only the transfected HA-tagged proteins,
anti-BAF47 (INI1) antibody detects both endogenous and transfected HA-tagged INI1 proteins. HA-SID-INII clones F6 and G12 are not expressed in 293T cells
and, hence, are not detected by the anti-HA antibodies (top). The band that appears in the F6 and G12 lanes (middle) corresponds to the endogenous INI1
protein, detected by anti-BAF47 (INI1) antibody. Lanes 1 to 6 in panel D are taken from different areas of the same gel.

ficiency remained the same in the presence of either HA-INI1
or HA-SID-INII1, indicating that the HA-SID-INI1 mutants
specifically inhibit HIV-1 but not SIV particle production effi-
ciency (Fig. 2C).

The SID-INI1 mutants harbor double substitution mutations.
Therefore, we separated the point mutations borne by SID-INI1-B
(G69A and V336E) and tested them individually to determine
whether the single mutants also inhibited HIV-1 late events. The
intracellular viral protein levels, particle production, and particle
production efficiency were inhibited in a manner and degree very
similar to the effects of the parent SID-INI1-B clone, indicating
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that both mutations independently caused the same effect (Fig. 2D
to F).

The assembly and particle production efficiency of viral parti-
cles are highly dependent on the intracellular concentrations of
pr55Gag (40). The HA-SID-INI1 mutants inhibited intracellular
Gag levels, which could account for the decrease in assembly and
particle production (Fig. 2B). To address the question of whether
the effect of HA-SID-INI1 on particle production was in part due
to reduced intracellular Gag levels, we carried out a control exper-
iment in which the intracellular and virion-associated Gag levels
in the cells expressing SID-INI1 were matched to those of controls
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FIG 2 Effects of SID-INI1 mutants on particle production of HIV-1- and SIV-based vectors. (A and B) Quantitation of virion-associated (A) and intracellular
(B) p24 (to measure HIV-1-based vectors) and p27 (to measure SIV-based vectors). (C) Virus particle production efficiency, measured by calculating percentages
of virion-associated and intracellular fractions of p24/p27 compared to total p24. (D to F) Effects of HA-SID-INI1-B and of single mutations in HIV-1 3pV were
measured using p24 ELISA, as described in the legends to panels A to C. (G to I) The effects of varying intracellular levels of Gag were determined by transfecting
decreasing amounts of 3pV viral DNA to match the Gag levels in cells transfected with SID-INI1-B. Virion-associated and intracellular p24 and particle
production efficiency were measured as described in the legends to panels A to C. Graphs represents mean values from 3 or more independent experiments *
standard errors of the means (SEM). The arrows point to the control sample with Gag levels comparable to that for the SID-INI1B-transfected cells.

expressing HA-INI1 that were transfected with decreasing
amounts of viral DNA (Fig. 2G to I). The levels of intracellular,
and virion-associated p24 were determined, and the particle pro-
duction efficiency was calculated as the fractions of p24 present in
the culture supernatant and intracellular compartments, ex-
pressed as the percentage of the total, as described above (Fig. 2G
to I). The results indicated that when the intracellular Gag con-
centrations of the controls (in the presence of HA-INI1) were
matched to those of HA-SID-INI1-expressing cells, the difference
between the virus particle production efficiency of the control
cells and those that expressed SID-INI1 decreased. The particle
production efficiency of the controls was slightly higher than the

particle production efficiency observed in the presence of HA-
SID-INII, suggesting that a major effect of SID-INI1 was to reduce
the intracellular Gag protein levels and that the effect on particle
production efficiency was a minor effect (Fig. 2H and [, indicated
by dotted arrows). For example, there was an ~1-log (~9-fold)
reduction in the virus particle production in the SID-INI1-treated
cells compared to the level in the control cells expressing similar
Gag levels when 5 g of viral DNA was transfected. However, the
difference between the control and SID-INI1 could be less than
1 log, given the fact that the cells transfected with 5 pg of DNA
had a slightly higher steady-state level of intracellular Gag than
the SID-INI1-expressing cells. These results indicated that a
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major effect of SID-INI1-B is to reduce the intracellular Gag
levels.

We next tested the effect of HA-SID-INI1-B on the particle
production of full-length molecular clones of HIV-1,,, ;. Since
HA-SID-INI1-B reduces the intracellular Gag levels, we trans-
fected cells with decreasing amounts of pNL4-3 DNA, along with
wild-type INII1, to match the levels of Gag to that observed when
HA-SID-INI1-B was transfected. When equal amounts of HA-
SID-INI1-B- or HA-INI1-expressing constructs were transfected
along with a constant amount of pNL4-3 DNA (2 jg/transfection/
well), HA-SID-INI1-B resulted in an ~3-log reduction in particle
production and an ~1-log reduction in intracellular Gag levels
compared to that of the control cells expressing HA-INI1 (Fig. 3A
to C). It was interesting to note that even very small amounts of
pNL4-3 resulted in significant levels of particle production effi-
ciency (Fig. 3C). When the intracellular Gag levels were matched
by transfecting cells with decreasing concentrations of pNL4-3,
the particle production efficiency in the cells expressing HA-SID-
INT1 was lower than in those expressing HA-INI1 (Fig. 3B and C,
indicated by dotted arrows). However, the difference was ~1 log
(~13-fold) compared to the results for controls with similar in-
tracellular Gag levels. These results again demonstrated that the
major effect of HA-SID-INI1-B-mediated inhibition was the re-
duction in intracellular Gag levels, with an additional minor effect
on particle production efficiency. Thus, the SID-INI1 mutant in-
fluenced the particle production efficiency of the HIV-1 full-
length molecular clone.

As a comparison to HA-SID-INI1-B, we tested the effect of
another INI1 mutant, HA-S6 (aa 183 to 294), in the same set of
experiments (16). Unlike SID-INI1-B, which is a full-length pro-
tein with point mutations, S6 is a truncation mutant harboring the
minimal IN-binding domain that when ectopically expressed
causes a decrease in the particle production efficiency of 3pV (16).
We found that S6 expression did not inhibit the intracellular Gag
levels of HIV-1y 4.5, but it decreased the particle production by
~1 to 2 log (range, 20- to 200-fold; mean, 136-fold; Fig. 3A) com-
pared to the level in the matched control, and it also reduced the
particle production efficiency (Fig. 3A to C). These observations
indicated that, while the HA-SID-INI1 mutant inhibited both in-
tracellular Gag levels and particle production, S6 did not signifi-
cantly inhibit intracellular Gag levels but did specifically inhibit
particle production efficiency.

Western analysis of transfected cells also indicated that similar
levels of HA-INT1 and HA-SID-INI1-B proteins were present in
transfected cells, and these levels were severalfold greater than the
levels of endogenous INI1 protein (Fig. 3D). We measured the
viability of cells cotransfected with either HA-INI1 or HA-SID-
INI1-B and pNL4-3 DNA by using the methylene blue assay and
compared them to the viability of cells cotransfected with the
empty vector control and pNL4-3 (Fig. 3F and G). Similar levels of
transfection efficiency in these cells were indicated when a GFP-
expressing plasmid was added to the mix (1/10th of the total DNA
used for transfection) and the expression of GFP monitored. The
results indicated that the transfection efficiencies of the controls
and test sample were similar (Fig. 3E). Transfection of HA-INII,
HA-SID-INI1-B, or HA-S6 resulted in very similar twofold reduc-
tions in cell viability compared to the results for the empty vector
control (Fig. 3E and F). However, HA-SID-INI1-B or HA-S6 ex-
pression resulted in a 2- to 3-log decrease in particle production
compared to the results for the HA-INII control (Fig. 3F and G).
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These results indicate that HA-SID-INI1-mediated inhibition is
not due to a decrease in cell viability.

SID-INI1-B-mediated inhibitory effect is dependent on the
presence of IN within the context of Gag-Pol and is independent
of PR. Our previous studies indicated that the inhibition mediated
by the S6 trans dominant-negative mutant required IN to be pres-
ent in the context of Gag-Pol (16). To determine whether the
HA-SID-INI1-mediated effects were also dependent on the pres-
ence of IN, we carried out a trans complementation assay using
SG3-IN virus, which carries a TAA translational stop codon at the
beginning of the IN open reading frame and, hence, expresses a
truncated Gag-Pol lacking IN. We complemented the lack of IN
with Vpr-RT-IN (37). We surmised that if HA-SID-INI1-medi-
ated inhibition is dependent on the presence of IN within the
context of Gag-Pol, then the lack of IN would decrease its inhibi-
tory effects. The HA-SID-INI1 mutants decreased the intracellu-
lar viral protein levels marginally, by ~5- to 10-fold, and the viral
particle production was decreased similarly, by ~10-fold, com-
pared to the results for the empty vector control (Fig. 4A and B).
Thus, we did not see an additional decrease in particle production
in the absence of IN, and there was no significant effect on particle
production efficiency compared to that of the control (Fig. 4C).
These results indicated that the SID-INI1 mutants did not inhibit
particle release when IN was removed from Gag-Pol, suggesting
that the SID-INT1-mediated inhibition requires IN to be present
within Gag-Pol (Fig. 4A to C). Western analysis confirmed the
expression of similar levels of Vpr-RT-IN in the transfected cells
when normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) levels, suggesting that when IN is not a part of Gag-Pol,
SID-INI1-B does not decrease the intracellular levels of this pro-
tein (Fig. 4D).

Previous studies have indicated that certain class II mutations
of IN lead to the inhibition of HIV-1 particle production due to
inappropriate viral PR activity and that PR inhibitors or inactivat-
ing mutations (such as N25A) in the PR gene can overcome these
inhibitory effects (12). These previous results suggested that mu-
tations in IN may stimulate inappropriate PR activity within the
cells and may lead to the inhibition of assembly. Since SID-INI1
mutants retain their ability to bind to IN, these mutants could
mimic the effect of IN mutants and could decrease intracellular
Gag levels by inducing inappropriate activation of PR. Therefore,
we tested the effect of SID-INI1 in the presence of a catalytically
inactivating mutation in PR (D25A mutant; PR—) in HIV-1, 5
that was previously shown to block PR activity (36). Our results
indicated that SID-INI1-mediated effects could not be overcome
by abrogating PR activity (Fig. 4D and E). The two results de-
scribed above indicated that the inhibition mediated by SID-INI1
required the presence of IN within Gag-Pol and was not due to the
inappropriate activation of PR.

SID-INI1 mutants do not affect LTR transcription. Since
INI1 has multiple roles during HIV-1 replication, we investigated
the effects of SID-INI1 mutants on transcriptional and posttran-
scriptional events that could subsequently impact Gag/Gag-Pol
levels and influence assembly and particle release. INI1/hSNFS5, as
a part of the SWI/SNF complex, regulates HIV-1 LTR transcrip-
tion. While it inhibits basal-level transcription, it is required for
Tat-mediated transactivation (41). Therefore, SID-INI1 mutants
could inhibit LTR transcription to inhibit late events. We tested
the effect of the SID-INI1 mutant on LTR transcription using an
LTR-Luc construct in the presence and absence of Tat in 293T
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FIG 3 Effects of SID-INI1 on particle production of HIV-1y; , 5. (A to C) Quantitation of virion-associated (A) and intracellular (B) p24, and virus particle production
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demonstrate the levels of INI1 and SID-INT1-B in transfected cells. The top and middle panels represent two different exposures of the blots using anti-BAF47 antibody,
which recognizes both endogenous and transfected HA-INI1 and HA-SID-INI1-B proteins. The results in these panels show similar levels of overexpression of both INT1
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with Gag levels comparable to that for the S6- or SID-INT1B-transfected cells.

cells. Our results indicated that the SID-INI1 mutants did not expression of HA-SID-INII did not affect either basal or Tat-
interfere with Tat-mediated transactivation of LTR (Fig. 5A). In-  mediated transcription.

terestingly, in our experimental setting, HA-INT1 seems to slightly In addition to testing the effect on LTR transcription, we tested
inhibit both basal and Tat-mediated transcription. In contrast, the  the effect of HA-SID-INI1 on RNA levels by using qRT-PCR.
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First, we used a 3-plasmid-based vector (3pV) for this purpose,
since the viral RNAs encoding Gag and Gag-Pol are expressed
from a CMV promoter that is unaffected by INI1 (32). Thus, any
effect on gag RNA that we would observe by expressing SID-INI1
from this vector was likely be due to its effect on posttranscrip-
tional events. We found that the level of total gag RNA from 3pV
was slightly reduced (by ~1.5- to 2-fold) when SID-INI1 was ex-
pressed in the cells (Fig. 5B). These results indicated that the HA-
SID-INI1 mutants did not affect LTR-mediated transcription and
only marginally decreased the total gag RNA levels.

We also tested the effects of SID-INI1-B on the steady-state
levels of total gang RNA produced by HIV-1,;,5. Cells were
cotransfected with pNL4-3 in the presence of INI1, SID-INII-B,
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or an empty vector. The number of gag RNA molecules in each
sample was quantitated by normalizing the values using a stan-
dard curve. The results of this analysis indicated that the presence
of INI1 did not affect the level of gag RNA compared to the results
for the empty vector control (Fig. 5C). However, the presence of
SID-INII-B decreased the steady-state level of gag RNA by 5- to
10-fold compared to the presence of the empty vector or INI1
control (Fig. 5C). These results indicated that while SID-INT1-B
did not have an effect on LTR-mediated transcription, its presence
decreased gag RNA levels to some extent. These results suggest a
posttranscriptional effect of SID-INI1 and an additional effect of
this mutant on gag RNA stability.

SID-INI1 mutants inhibit posttranslational Gag stability. To
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determine whether SID-INI1-mediated effects were manifested SID-INI1 mutant inhibits the accumulation of Gag/Gag-Pol
during translational or posttranslational events, we carried outa  at the membrane. Since reduced levels of Gag are likely to affect
pulse-chase analysis of cells transfected with HIV-1 DNA along  subsequent events of assembly, we used confocal microscopy to
with vectors expressing INI1 or SID-INI1-B. Posttransfection, the  visualize the Gag localization in control cells and cells transfected
cells were pulsed with [*S]methionine-[**S]cysteine for 1 hand  ith SID-INI1-B. To investigate the effects of reduced Gag levels
chased for various times, and the total intracellular and virion-  jp the cells transfected with HA-SID-INI1-B on Gag/Gag-Pol lo-
associated *S-labeled proteins were collected at 0, 2, 4, and 6 h calization, we used three different concentrations of pNL4-3 to

postchase, immunoprecipitated using anti-p 24. an.tibodies, agd cotransfect with the HA-INT1 control. The cells from these differ-
separated on SDS-PAGE gels (30). The results indicated that in

control cells expressing INI1, the Gag precursor pr55, intermedi-
ates p41 and p25, and fully processed p24 proteins were present at
early time points (Fig. 5D, top). At later time points, the amounts
of unprocessed pr55 and intermediates (p41 and p25) decreased
in the cells and p24 accumulation increased in the culture super-
natants, indicating processing, assembly, and viral particle release
(Fig. 5D, top and bottom). In SID-INI1-expressing cells, signifi-
cant amounts of pr55 Gag were present at 0 h and 2 h postchase

ent transfections were subjected to immunofluorescence analysis
using anti-HA (conjugated to FITC) and anti-p24 (with PE-con-
jugated secondary) antibodies, followed by confocal microscopy
imaging and analysis. The cells were also stained with DAPI to
detect nuclei. In control cells expressing HA-INI1 and HIV-
Inra3> INIT localized diffusely in the nucleoplasm, with distinct
large and small nuclear speckles, and a small amount of protein
was diffusely present in the cytoplasm (Fig. 6A and B, panels 2 and
(Fig. 5D, top). However, contrary to the results for the control 10). In the majority (>>95%) of these cells, p24 accumulated at the
cells, no processed intermediates were seen at either the early or ~ cellular periphery, along the plasma membrane, indicating plasma
late time points (Fig. 5D, top). Instead, the pr55 proteins degraded ~ membrane targeting of Gag/Gag-Pol (Fig. 6A and B, panels 3 and
rapidly over time and very little p24 accumulated in the virion- ~ 11). In contrast, HA-SID-INI1-B protein accumulated in the nu-
associated culture supernatants (Fig. 5D, bottom). These results ~ cleus in the less dense region of the chromatin and also in the
indicated that a dramatic inhibition of Gag levels was caused by  perinuclear compartments as large patches (in ~83% of the cells
the expression of SID-INT1. [n = 88]; Fig. 6B, panels 22 and 26). In other cells, it accumulated

9898 jvi.asm.org Journal of Virology November 2016 Volume 90 Number 21


http://jvi.asm.org

A' DAPI

NL4-3
+INI1

PE (a-p24)

FITC (o-HA)

NL4-3
+ SID-
INI1-B

B. DAPI

NL4-3
2.0 ug
+INI1

FITC ‘G-HA‘ PE (a-p24)

@

NL4-3

0.5 ug
+INI1

NL4-3
0.05 g
+INI1

NL4-3
2.0 ug

+ SID-
INI1-B

Overlay
4

Overlay

INIT Influences HIV-1 Posttranscriptional Events

C . Nucleus

[=2]
=
P4

a
S
+
-
z
z

p24 staining pixel intensity
H
(=] (=]
= o IS
%
=)
PRl
TN
7w
=

w

S
3
=

%,
=

3
>

-
(=3

=

0 10 20 30 40 50
Distance (in pixels)

o

> »
]

L

Nucleus pl: membrane

w

G

]
z
z
IS
@

Fold change in p24 intensity

N w
[3,] (=)

+

2

e z

S~ E

T——1

==

p—

- =S N
°© & o
I
18N
P =
:jo—l
=
&

H

g

E

"0 10 20 30 40 50
Distance (in pixels)

FIG 6 Effect of SID-INI1-B on subcellular localization of Gag/Gag-Pol proteins. (A and B) Effect of SID-INI1 on Gag membrane targeting. Confocal images of
cells transfected with equal amounts (2.0 pg each) (A) or decreasing amounts (2.0, 0.5, and 0.05 pg) (B) of pNL4-3 and costained with anti-HA and anti-p24
antibodies. DAPI staining of nuclei, FITC fluorescence indicating staining with anti-HA antibodies, PE fluorescence indicating staining with anti-p24 antibodies,
and overlay of the three channels (A) or of DAPI and FITC channels (B) are indicated above the columns. (A) Exposure settings were as follows: DAPT (blue),
gain, 814, and offset, —2.5; HA (FITC, INI1/INI1-B, green), gain, 993, and offset, —1.6; p24 (PE, red), gain, 1,250, and offset, —1.7. (B) Exposure settings were
as follows: DAPI (blue), gain, 924, and offset, —2.5; HA (FITC, INI1/INI1-B, green), gain, 564, and offset, —0.55; p24 (PE, red), gain, 1,097, and offset, —0.39.
(C and D) Graphic representation of the mean fluorescence intensities (=SEM) of p24 across the cytoplasm in cells transfected with INI1 or SID-INI1, with
distance represented in pixels. (C) Plot of the mean gray values (=SEM) representing the pixel intensities across the cytoplasm of various control cells transfected
with 2.0 (n = 34), 0.5 (n = 15), or 0.05 (n = 14) g of pNL4-3 and INI1 or with 2.0 ug of pNL4-3 and SID-INI1-B (n = 45). (D) As described for panel C but
representing the normalized gray values, where the first data point is assigned a value of one and the remaining gray values are expressed as fold changes compared
to the first one from the same cell. This allows the comparison of cells with different pixel intensities. The graph represents the mean values (=SEM).

in the nucleus and localized diffusely in the cytoplasm (in ~17%
of the cells; Fig. 6A, panel 6).

In >90% of the control cells, Gag accumulated sharply at the
membrane, whereas in 100% of SID-INI1-B-transfected cells, the
localization of Gag was diffuse, and it often colocalized with SID-
INI1-B (Fig. 6A, panels 3 and 7). Since the concentration of Gag
affects membrane accumulation, we tested the effect of decreasing
the concentration of viral DNA by transfecting 2.0, 0.5, and 0.05
g each of HIV-1 DNA, along with HA-INI1. The control cells
with decreasing Gag levels, as well as cells transfected with HIV-1
(2.0 pg) and SID-INI1-B, were imaged using identical settings
(see the legend to Fig. 6). To determine the distribution of Gag in
these control cells (n = 34) and in those expressing SID-INI1 (n =
45), the images were analyzed by quantitating the pixel intensity
(gray value) of Gag protein staining obtained using anti-p24 an-
tibodies, as described in detail in earlier reports (30, 42). The gray
value is the intensity of the brightness in any given pixel. Black is
the absence of signal (a gray value of 0), while white is the maxi-
mum (saturation, a gray value of 256) brightness of a pixel. An

November 2016 Volume 90 Number 21

Journal of Virology

8-bit-thick line was drawn across the cytoplasm from the mem-
brane, the gray values were determined across this line for a dis-
tance of 50 pixels, and the means of these values were plotted
across the distance in pixels (Fig. 6C). The distribution of gray
value intensities in control cells expressing various Gag levels in-
dicated that there was a trend of accumulation of Gag at the
plasma membrane, even when the intensities were very low (as in
cells transfected with 0.5 and 0.05 pg DNA) (Fig. 6C). This trend
was clear when the gray values were expressed as the fold changes
in the intensities across the distance in pixels within each cell and
the means of these values were plotted (Fig. 6D). Interestingly, the
distribution of Gag in cells transfected with SID-INI1-B was dis-
tinctly different from that of the controls and exhibited a diffuse
pattern across the cytoplasm (Fig. 6C and D). These results sug-
gested that SID-INI1-B expression affects the Gag/Gag-Pol cyto-
plasmic localization and accumulation at the plasma membrane.

Knocking down INI1 reduced Gag/Gag-Pol levels and parti-
cle production. The results described above demonstrated that
the HA-SID-INI1 mutant reduced Gag levels and inhibited its
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accumulation at the membrane, but these experiments did not
elucidate whether endogenous wild-type INI1 was required for
these events. To address the requirement of wild-type INI1 for late
events, we tested the effect of knocking down endogenous INII in
293T cells. It is known that complete knock down of INI1 is toxic
to cells, and hence, we could achieve only a partial knockdown in
order to prevent cell death. Furthermore, the cells were monitored
at every stage of the transfection and tested for viability by using
the methylene blue assay. Both Western analysis and single-cell
immunofluorescence analysis using anti-INI1 antibody were em-
ployed to monitor the level of INI1 knockdown, as described be-
low (43).

To determine the effect of INI1 knockdown on HIV-1 late
events, cells were transfected twice with shRNA-expressing plas-
mids, followed by a third round of transfection with shRNAs and
pNL4-3 plasmids. Our analysis indicated that the viability of tran-
siently transfected cells was unaffected by shRNA against INI1
(shINI1) during the course of these experiments and was identical
to that of scrambled control shRNA-transfected cells (Fig. 7A). A
methylene blue uptake assay indicated that the viability of cells
transfected with scrambled shRNA or shINI1 was similar (Fig.
7B). Immunoblot analysis indicated that INI1 knockdown led to a
decrease of ~80% in the protein level (Fig. 7C). When similar
amounts of pNL4-3 DNA (2 pg) were used in control- and
shINTI1-transfected cells, the knockdown of INI1 led to a reduc-
tion of intracellular Gag levels by approximately 10-fold com-
pared to the results for scrambled shRNA (shScramble) (Fig. 7E,
leftmost two bars). In addition, there was a 2- to 3-log decrease in
virion-associated p24 in cells transfected with shINI1 (Fig. 7D,
leftmost two bars). As a consequence, there was an additional
decrease in particle production efficiency in cells transfected with
shINI1 (Fig. 7F, leftmost two bars). To determine whether INT1
knockdown directly influenced particle release, the intracellular
Gag levels in control cells transfected with shScramble were
matched to the levels in cells transfected with shINI1 by using
decreasing concentrations of pNL4-3 DNA. The results indicated
that even when the intracellular Gag levels were matched to the
levels of shScramble- and shINI1-transfected cells, the particle
production efficiency in cells transfected with shINI1 was signifi-
cantly reduced compared to that of the scrambled-shRNA-trans-
fected cells (Fig. 7E and F, indicated by dotted arrows).

The results of confocal microscopy indicated that in empty
vector and scrambled-shRNA-transfected cells, Gag accumulated
at the cell membrane in ~90% of the cells (Fig. 7G, panels 7 and
11, and H). In these cells, the majority of INI1 was present in the
nucleus, but some INTI1 was also present in the cytoplasm (Fig. 7G,
panels 6 and 10). In contrast, in cells transfected with shINI1, no
INT1 was detected, and in these cells, the level of Gag was reduced
and it was localized diffusely in the cytoplasm and did not accu-
mulate at the membrane (Fig. 7G, panels 14 and 15, and I). To
quantitate the distribution of Gag in the absence of INT1, the
fluorescence intensity of p24 staining was quantified across the
cytoplasm from the plasma membrane to the nucleus by plotting
the gray value as described above and in the legend to Fig. 6 and as
reported previously (30, 42). In control cells transfected with
shScramble (n = 34), the peak of Gag accumulation was found at
the plasma membrane and its amounts gradually decreased to-
ward the nucleus (Fig. 7]). In contrast, in cells expressing shINI1
(n = 47), the level of Gag was low, no peak intensity of p24 stain-
ing was found, and there was an even distribution across the cy-
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toplasm, consistent with the lack of Gag membrane accumulation
(Fig. 7F). Thus, RNA interference analysis indicated that down-
modulation of INII expression resulted in an impairment of Gag
levels and an additional decrease in particle production, suggest-
ing that INI1 is required for both of these processes.

DISCUSSION

The goal of our studies was to delineate the role of INI1 in HIV-1
replication by understanding the effects of various INI1 mutants
and shRNA knockdown of INI1. In previous reports, we demon-
strated that an ectopically expressed deletion mutant of INII,
termed S6, dominant-negatively inhibits HIV-1 particle produc-
tion and Gag/Gag-Pol trafficking (30). However, the question re-
garding the role of endogenous INI1 in assembly events remained
unanswered. In the work presented in this report, we tested the
effects of an additional set of INI1 missense mutations (termed
SID-INII1 mutants) that were partially or fully defective for inter-
action with SAP18 while retaining their ability to interact with IN.
We also tested the effect of knocking down INI1 on HIV-1 assem-
bly and particle production. Our results indicate that SID-INT1
clone B9 (SID-INI1-B) inhibits multiple posttranscriptional
events of HIV-1 replication. Its major effect is to reduce the
steady-state levels of intracellular Gag protein. In addition, SID-
INT1-B reduces viral RNA levels but not LTR-mediated transcrip-
tion, and it reduces the particle production efficiency. Knocking
down INII also results in reduced Gag protein levels and de-
creased particle production. These effects of the expression of
SID-INII-B and of knocking down INI1 on HIV-1 late events are
due not to a toxic effect on the transfected cells but, rather, to an
effect on the steady-state levels of viral RNA and proteins.

INT1 is a component of the SWI/SNF complex and has been
shown to regulate LTR-mediated transcription (27). Our studies
indicate that mutants of INI1 impaired for binding to SAP18 affect
posttranscriptional events, which is unprecedented. The inhibi-
tory effect of SID-INI1 mutants on assembly and particle produc-
tion are largely due to their effects on Gag RNA and protein levels.
While the SID-INI1 mutant does not decrease LTR-mediated
transcription, QRT-PCR analysis indicates that RNA levels are af-
fected, suggesting a posttranscriptional effect. Furthermore,
pulse-chase analysis indicates that in the presence of SID-INII,
Gag protein that is translated is rapidly degraded, suggesting that
the effects are posttranslational. A minor effect of SID-INII is also
to reduce the particle production efficiency. Since assembly is a
cooperative process and is dependent on intracellular Gag levels,
the SID-INII-mediated reduction in particle production effi-
ciency could be a reflection of reduced intracellular Gag levels.
Interestingly, the S6 mutant, which does not drastically inhibit
intracellular Gag levels, nevertheless inhibits particle release, sug-
gesting a specific effect on particle production efficiency. Our pre-
vious results indicate that S6 inhibits the accumulation of Gag at
the membrane (30). In this regard, the two mutants show differ-
ential effects—S6 specifically decreases particle production effi-
ciency, and SID-INI1 mutants drastically reduce intracellular Gag
levels, which leads to an additional reduction in particle release.

The SID-INI1-mediated inhibitory effects are dependent on
the presence of IN within the context of Gag-Pol. This result cor-
relates with our previous study of S6-mediated inhibition (16).
The degree of SID-INI1-mediated inhibition is reduced when
SIV-based vectors are used, consistent with the finding that INT1
specifically binds to HIV-1 but not to SIV IN (17). It is possible
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that the selective binding of the mutant SID-INI1-B to HIV-1 IN
(but not to SIV IN) mediates this inhibition. In addition, SID-
INI1 did not dramatically inhibit HIV-1 particle production in a
trans complementation assay using an IN deletion mutant virus
complemented with Vpr-RT-IN (SG3-IN+Vpr-RT-IN). In these
experiments, the intracellular levels of Gag were reduced approx-
imately threefold by SID-INI1, and particle production was inhib-
ited approximately fivefold. Hence, there was no dramatic de-
crease in particle production efficiency caused by the SID-INTI1
mutant when SG3-IN+Vpr-RT-IN was used. These results sug-
gest that the SID-INI1-mediated reduction in Gag levels and in-
hibition of particle release are both dependent on the presence of
IN within the context of Gag-Pol. An alternative possibility is that
IN may not be required, but since mutant Gag-Pol that lacks IN
may not be folded properly, the SID-INI1 mutant cannot perform
its inhibitory function. While this argument indicates that the
presence of intact and properly folded Gag-Pol may be required
for SID-INI1-mediated inhibition, it is not supported by the fact
that SIV Gag-Pol, which is likely to be folded properly, is not
inhibited by SID-INI1-B, thus suggesting that the presence of IN is
required for SID-INI1-mediated inhibition. However, at this
point, it is unclear why there was a 1-log reduction in the intracel-
lular levels of STV Gag, which did not lead to further inhibition of
particle production. One possibility is that SID-INI1-B inhibits
SIV Gag RNA levels (and, hence, the Gag protein level) but does
not inhibit particle production efficiency, as the later requires
binding to IN.

Our results, for the first time, indicate that endogenous INI1 is
required in maintaining Gag levels and for particle production.
shRNA-mediated inhibition of endogenous INI1 in 293T cells re-
sults in reduced Gag/Gag-Pol levels. Furthermore, there is an ad-
ditional decrease in particle production efficiency. This was con-
firmed by matching the intracellular Gag levels in control cells
expressing scrambled shRNA to the levels in the cells expressing
shINT1. These results suggest that functional INI1 is required to
maintain Gag levels and particle production.

The two classes of the SWI/SNF complex, the BAF and PBAF
complexes, have been shown to influence both basal and Tat-
mediated transcription of HIV-1 LTR (27, 44). While the BAF
complex inhibits basal-level transcription, the PBAF complex is
required for Tat-mediated transactivation. INI1 is a component of
both the BAF and PBAF complexes. It is interesting to note that in
our experimental system, SID-INI1 does not significantly affect
either the Tat-dependent or Tat-independent transcription of the
reporter LTR-Luc. Compared to cells expressing INI1, SID-INT1
expressing cells have increased levels of LTR transcription. The
possible reasons are as follows: (i) SAP18 is a component of the
HDACI repressor complex and the lack of interaction between

INI1 and SAP18 may not decrease transcription from LTR, and/or
(ii) SID-INI1 is not localized in the same compartment as the LTR.
SID-INI1 islocalized in the cytoplasm and nucleus as large patches
and speckles. However, SID-INI1 affects gag RNA levels, as indi-
cated by the results of QRT-PCR. When gag RNA is expressed from
a CMV promoter in the 3pV, SID-INI1 mutants marginally de-
crease the RNA levels, by two- to threefold. When gag RNA is
expressed by LTR-mediated transcription of full-length virus
(pNL4-3), the RNA levels are decreased by 3- to 10-fold. Thus, it
appears that while SID-INI1 does not inhibit LTR transcription, it
decreases gag RNA levels by 1- to 10-fold, depending on the pro-
moter, and additionally decreases Gag protein levels by 10- to
100-fold and particle release by an additional 5- to 10-fold. These
results indicate that the inhibitory effects of SID-INII are not due
to the decrease in LTR transcription but are more likely due to a
cumulative effect on posttranscriptional and posttranslational
events. Future experiments will shed light on the mechanism of
these newly observed effects.

While INI1/hSNF5 and its role in transcription as a component
of the SWI/SNF complex are well established, emerging evidence
suggests that the components of the SWI/SNF complex are also
involved in posttranscriptional events, such as splicing (45). The
SWI/SNF complex and INI1/hSNF5 are associated with non-SWI/
SNF proteins, as well with multiple cellular substructures, such as
nuclear lamin, DNA replication origins, kinetochores, centro-
somes, microtubules, and PML bodies, suggesting multiple cellu-
lar functions for these chromatin-remodeling proteins (46). Our
finding that INI1 mutants affect multiple late events cannot be
explained by the role of endogenous INI1 in viral transcription
alone. While the effect on transcription perhaps is a part of the
inhibition when viral proteins are expressed from the LTR, the
data from experiments using mutants and shRNAs collectively
indicate multiple posttranscriptional effects.

How does INTI1 and its interaction with SAP18 influence HIV-1
late events? Based on our results and on the ability of INII to
mediate multiple protein-protein interactions, we propose that
INI1 may bridge the interactions between Gag/Gag-Pol and cellu-
lar proteins like SAP18 and associated complexes via binding to
HIV-1 IN. INII may function as an adapter molecule that pro-
motes the protein interactions required for these events in viral
replication. We hypothesize that these SAP18-associated proteins/
complexes are involved in maintaining the stability of gag RNA
and Gag protein and also influence Gag/Gag-Pol accumulation at
the membrane. Efforts are under way in our laboratory to identify
INI1-SAP18-associated complexes that may play a role during
HIV-1 posttranscriptional late events. The identification of these
complexes could provide novel insight into host-virus interac-

Total proteins from cells transfected with pNL4-3 along with either shScramble or shINI1 were subjected to immunoblot analysis using anti-p24 antibody to
detect Gag proteins, anti-BAF47 antibody to detect INI1, and anti-GAPDH antibody to detect GAPDH as an internal control. (D to F) Effects of INI1 shRNA on
virus particle production in 293T cells. Quantitation of virion-associated p24 (D) and intracellular p24 (E) and virus production efficiency (F), as described in
the legend to Fig. 2, in the presence of either shScramble (control) or shINII. (G) Confocal images of cells transfected with either shScramble or shINII,
cotransfected with HIV-1y , 3, and costained with anti-BAF47 (INI1) and anti-p24 antibodies. DAPI staining of nuclei, Alexa Fluor 488 fluorescence indicating
staining with anti-BAF47 (INI1) antibody, PE fluorescence indicating staining with anti-p24 antibody, and overlay of the three are indicated above the columns.
The gain and offset settings for these images were as follows: DAPI (blue), gain, 984, and offset, —2.3; Alexa Fluor 488 (green), gain, 1,244, and offset, —2.7; PE
(red), gain, 1,250, and offset, —1.18. (H and I) Additional images (overlay of all three channels) of cells transfected with shScramble (H) and shINI1 (I) along with
pNL4-3. (J) Graphic representation of the mean fluorescence intensities (=SEM) of p24 across the cytoplasm in cells transfected with empty vector (n = 7),
shINI1 (n = 47), or shScramble (n = 34), with distances represented in pixels. The arrows point to the control sample with Gag levels comparable to that for the
shINI1-transfected cells.
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tions that influence Gag/Gag-Pol stability, trafficking, and particle
release.

The transcription and posttranscriptional events of HIV-1 rep-
lication are not currently targets of antiretroviral drug discovery
efforts. We suggest that our results provide insights that could be
employed to develop novel strategies to inhibit these posttran-
scriptional events in HIV-1 replication. Since interfering with
INI1 influences Gag stability and trafficking, we propose that low-
molecular-weight inhibitors that interfere with the INI1-IN inter-
action or the INII-SAP18 interaction could possibly inhibit
HIV-1 replication by reducing Gag/Gag-Pol stability and particle
release.

ACKNOWLEDGMENTS

We thank V. Prasad, Albert Einstein college of Medicine, and E. Freed,
NCI, Frederick, MD, for critically reading the manuscript. We thank S. J.
Lee, Albert Einstein College of Medicine, for reading the manuscript and
for discussions about immunohistochemical analysis. We thank E. Freed,
NCI, Frederick, MD, for providing the molecular clone of the PR mutant
of HIV-1y; 4 5, D. Ott, NCI, Frederick, MD, for anti-p24 antibody, and A.
Nienhuis, St. Jude’s, for SIV-based vectors.

This work was supported by National Institutes of Health (NIH)
grants RO1 GM 112520 and R56 AI095171 to G.V.K. and, in part, by the
Center for AIDS Research (CFAR) at the Albert Einstein College of Med-
icine, funded by the NIH AI-051519. J.C. and A.L. were supported by
Institutional AIDS training grant number T32-AI007501.

The authors declare that they have no competing interests.

J.C.and A.L. carried out experiments, participated in the design of the
study and helped to draft the manuscript. D.M. and X.W. carried out part
of the experiments. G.V.K. participated in the design of the experiments
and analysis of the data and wrote the manuscript.

FUNDING INFORMATION

This work, including the efforts of Ganjam V. Kalpana, was funded by
HHS | NIH | National Institute of Allergy and Infectious Diseases (NIAID)
(AI095171). This work, including the efforts of Annalena La Porte, was
funded by HHS | NIH | National Institute of Allergy and Infectious Dis-
eases (NTAID) (T32-A1007501). This work, including the efforts of Jenni-
fer Cano, was funded by HHS | NIH | National Institute of Allergy and
Infectious Diseases (NIAID) (T32-A1007501). This work, including the
efforts of Ganjam V. Kalpana, was funded by HHS | NIH | National Insti-
tute of General Medical Sciences (NIGMS) (GM112520).

REFERENCES

1. Arts EJ, Hazuda DJ. 2012. HIV-1 antiretroviral drug therapy. Cold Spring
Harb Perspect Med 2:a007161. http://dx.doi.org/10.1101/cshperspect
.a007161.

2. Lee SK, Potempa M, Swanstrom R. 2012. The choreography of HIV-1
proteolytic processing and virion assembly. ] Biol Chem 287:40867—
40874. http://dx.doi.org/10.1074/jbc.R112.399444.

3. Sundquist WI, Krausslich HG. 2012. HIV-1 assembly, budding, and
maturation. Cold Spring Harb Perspect Med 2:a006924. http://dx.doi.org
/10.1101/cshperspect.a006924.

4. Balasubramaniam M, Freed EO. 2011. New insights into HIV assembly
and trafficking. Physiology (Bethesda) 26:236-251. http://dx.doi.org/10
.1152/physiol.00051.2010.

5. Martin-Serrano J, Neil SJ. 2011. Host factors involved in retroviral bud-
ding and release. Nat Rev Microbiol 9:519-531. http://dx.doi.org/10.1038
/nrmicro2596.

6. Wiskerchen M, Muesing MA. 1995. Identification and characterization of a
temperature-sensitive mutant of human immunodeficiency virus type 1 by
alanine scanning mutagenesis of the integrase gene. J Virol 69:597-601.

7. Engelman A. 1999. In vivo analysis of retroviral integrase structure and
function. Adv Virus Res 52:411-426. http://dx.doi.org/10.1016/S0065
-3527(08)60309-7.

8. Briones MS, Chow SA. 2010. A new functional role of HIV-1 integrase

November 2016 Volume 90 Number 21

20.

21.

22.

23.

24.

25.

26.

Journal of Virology

INIT Influences HIV-1 Posttranscriptional Events

during uncoating of the viral core. Immunol Res 48:14-26. http://dx.doi
.org/10.1007/s12026-010-8164-z.

. Gallay P, Hope T, Trono D. 1997. HIV-1 infection of nondividing cells

through the recognition of integrase by the importin/karyopherin path-
way. Proc Natl Acad Sci U S A 94:9825. http://dx.doi.org/10.1073/pnas.94
.18.9825.

. Chiang CC, Tseng YT, Huang KJ, Pan YY, Wang CT. 2012. Mutations

in the HIV-1 reverse transcriptase tryptophan repeat motif affect virion
maturation and Gag-Pol packaging. Virology 422:278-287. http://dx.doi
.org/10.1016/j.virol.2011.11.001.

. Wapling J, Moore KL, Sonza S, Mak J, Tachedjian G. 2005. Mutations

that abrogate human immunodeficiency virus type 1 reverse transcriptase
dimerization affect maturation of the reverse transcriptase heterodimer. J
Virol 79:10247-10257. http://dx.doi.org/10.1128/JV1.79.16.10247-10257
.2005.

. Bukovsky A, Gottlinger H. 1996. Lack of integrase can markedly affect

human immunodeficiency virus type 1 particle production in the presence
of an active viral protease. ] Virol 70:6820—6825.

. Wapling J, Srivastava S, Shehu-Xhilaga M, Tachedjian G. 2007. Target-

ing human immunodeficiency virus type 1 assembly, maturation and bud-
ding. Drug Target Insights 2:159-182.

. Chen H, Wei SQ, Engelman A. 1999. Multiple integrase functions are

required to form the native structure of the human immunodeficiency
virus type 1 intasome. ] Biol Chem 274:17358-17364. http://dx.doi.org/10
.1074/jbc.274.24.17358.

. Mathew S, Nguyen M, Wu X, Pal A, Shah VB, Prasad VR, Aiken C,

Kalpana GV. 2013. INI1/hSNF5-interaction defective HIV-1 IN mutants
exhibit impaired particle morphology, reverse transcription and integration
in vivo. Retrovirology 10:66. http://dx.doi.org/10.1186/1742-4690-10-66.

. Yung E, Sorin M, Pal A, Craig E, Morozov A, Delattre O, Kappes J, Ott

D, Kalpana GV. 2001. Inhibition of HIV-1 virion production by a trans-
dominant mutant of integrase interactor 1. Nat Med 7:920-926. http://dx
.doi.org/10.1038/90959.

. Yung E, Sorin M, Wang EJ, Perumal S, Ott D, Kalpana GV. 2004.

Specificity of interaction of INI1/hSNF5 with retroviral integrases and its
functional significance. ] Virol 78:2222-2231. http://dx.doi.org/10.1128
/JV1.78.5.2222-2231.2004.

. Engelman A, Kessl JJ, Kvaratskhelia M. 2013. Allosteric inhibition of

HIV-1 integrase activity. Curr Opin Chem Biol 17:339-345. http://dx.doi
.org/10.1016/j.cbpa.2013.04.010.

. Desimmie BA, Schrijvers R, Demeulemeester J, Borrenberghs D, Wey-

dert C, Thys W, Vets S, Van Remoortel B, Hofkens J, De Rijck J,
Hendrix J, Bannert N, Gijsbers R, Christ F, Debyser Z. 2013. LEDGINs
inhibit late stage HIV-1 replication by modulating integrase multimeriza-
tion in the virions. Retrovirology 10:57. http://dx.doi.org/10.1186/1742
-4690-10-57.

Jurado KA, Wang H, Slaughter A, Feng L, Kessl JJ, Koh Y, Wang W,
Ballandras-Colas A, Patel PA, Fuchs JR, Kvaratskhelia M, Engelman A.
2013. Allosteric integrase inhibitor potency is determined through the
inhibition of HIV-1 particle maturation. Proc Natl Acad Sci U S A 110:
8690—8695. http://dx.doi.org/10.1073/pnas.1300703110.

Kalpana GV, Marmon S, Wang W, Crabtree GR, Goff SP. 1994. Binding
and stimulation of HIV-1 integrase by a human homolog of yeast tran-
scription factor SNF5. Science 266:2002—-2006. http://dx.doi.org/10.1126
/science.7801128.

Das S, Cano J, Kalpana GV. 2009. Multimerization and DNA binding
properties of INI1/hSNF5 and its functional significance. J Biol Chem
284:19903-19914. http://dx.doi.org/10.1074/jbc.M808141200.

Lesbats P, Botbol Y, Chevereau G, Vaillant C, Calmels C, Arneodo A,
Andreola ML, Lavigne M, Parissi V. 2011. Functional coupling between
HIV-1 integrase and the SWI/SNF chromatin remodeling complex for
efficient in vitro integration into stable nucleosomes. PLoS Pathog
7:¢1001280. http://dx.doi.org/10.1371/journal.ppat.1001280.

Parissi V, Caumont A, Soultrait V, Dupont C-H, Pichuantes S, Litvak
S. 2000. Inactivation of the SNF5 transcription factor gene abolishes the
lethal phenotype induced by the expression of HIV-1 integrase in yeast.
Gene 247:129-136. http://dx.doi.org/10.1016/S0378-1119(00)00108-6.
Maroun M, Delelis O, Coadou G, Bader T, Segeral E, Mbemba G, Petit
C, Sonigo P, Rain JC, Mouscadet JF, Benarous R, Emiliani S. 2006.
Inhibition of early steps of HIV-1 replication by SNF5/Inil. J Biol Chem
281:22736-22743. http://dx.doi.org/10.1074/jbc.M604849200.

Maillot B, Levy N, Eiler S, Crucifix C, Granger F, Richert L, Didier P,
Godet J, Pradeau-Aubreton K, Emiliani S, Nazabal A, Lesbats P, Parissi

jviasm.org 9903


http://dx.doi.org/10.1101/cshperspect.a007161
http://dx.doi.org/10.1101/cshperspect.a007161
http://dx.doi.org/10.1074/jbc.R112.399444
http://dx.doi.org/10.1101/cshperspect.a006924
http://dx.doi.org/10.1101/cshperspect.a006924
http://dx.doi.org/10.1152/physiol.00051.2010
http://dx.doi.org/10.1152/physiol.00051.2010
http://dx.doi.org/10.1038/nrmicro2596
http://dx.doi.org/10.1038/nrmicro2596
http://dx.doi.org/10.1016/S0065-3527(08)60309-7
http://dx.doi.org/10.1016/S0065-3527(08)60309-7
http://dx.doi.org/10.1007/s12026-010-8164-z
http://dx.doi.org/10.1007/s12026-010-8164-z
http://dx.doi.org/10.1073/pnas.94.18.9825
http://dx.doi.org/10.1073/pnas.94.18.9825
http://dx.doi.org/10.1016/j.virol.2011.11.001
http://dx.doi.org/10.1016/j.virol.2011.11.001
http://dx.doi.org/10.1128/JVI.79.16.10247-10257.2005
http://dx.doi.org/10.1128/JVI.79.16.10247-10257.2005
http://dx.doi.org/10.1074/jbc.274.24.17358
http://dx.doi.org/10.1074/jbc.274.24.17358
http://dx.doi.org/10.1186/1742-4690-10-66
http://dx.doi.org/10.1038/90959
http://dx.doi.org/10.1038/90959
http://dx.doi.org/10.1128/JVI.78.5.2222-2231.2004
http://dx.doi.org/10.1128/JVI.78.5.2222-2231.2004
http://dx.doi.org/10.1016/j.cbpa.2013.04.010
http://dx.doi.org/10.1016/j.cbpa.2013.04.010
http://dx.doi.org/10.1186/1742-4690-10-57
http://dx.doi.org/10.1186/1742-4690-10-57
http://dx.doi.org/10.1073/pnas.1300703110
http://dx.doi.org/10.1126/science.7801128
http://dx.doi.org/10.1126/science.7801128
http://dx.doi.org/10.1074/jbc.M808141200
http://dx.doi.org/10.1371/journal.ppat.1001280
http://dx.doi.org/10.1016/S0378-1119(00)00108-6
http://dx.doi.org/10.1074/jbc.M604849200
http://jvi.asm.org

Porte et al.

27.

28.

29.

30.

31.

32.

33.

34.

35.

9904 jviasm.org

V, Mely Y, Moras D, Schultz P, Ruff M. 2013. Structural and functional
role of INI1 and LEDGF in the HIV-1 preintegration complex. PLoS One
8:¢60734. http://dx.doi.org/10.1371/journal.pone.0060734.

Mahmoudi T, Parra M, Vries RG, Kauder SE, Verrijzer CP, Ott M,
Verdin E. 2006. The SWI/SNF chromatin-remodeling complex is a cofac-
tor for Tat transactivation of the HIV promoter. ] Biol Chem 281:19960—
19968. http://dx.doi.org/10.1074/jbc.M603336200.

Treand C, du Chene I, Bres V, Kiernan R, Benarous R, Benkirane M,
Emiliani S. 2006. Requirement for SWI/SNF chromatin-remodeling
complex in Tat-mediated activation of the HIV-1 promoter. EMBO ] 25:
1690-1699. http://dx.doi.org/10.1038/sj.embo;j.7601074.

Mizutani T, Ishizaka A, Tomizawa M, Okazaki T, Yamamichi N,
Kawana-Tachikawa A, Iwamoto A, Iba H. 2009. Loss of the Brm-type
SWI/SNF chromatin remodeling complex is a strong barrier to the Tat-
independent transcriptional elongation of human immunodeficiency vi-
rus type 1 transcripts. J Virol 83:11569—-11580. http://dx.doi.org/10.1128
/JV1.00742-09.

Cano J, Kalpana GV. 2011. Inhibition of early stages of HIV-1 assembly
by INI1/hSNF5 transdominant negative mutant S6. J Virol 85:2254 —2265.
http://dx.doi.org/10.1128/JVI1.00006-10.

Craig E, Zhang ZK, Davies KP, Kalpana GV. 2002. A masked NES in
INI1/hSNF5 mediates hCRM1-dependent nuclear export: implications
for tumorigenesis. EMBO J 21:31-42. http://dx.doi.org/10.1093/emboj
/21.1.31.

Cheng SW, Davies KP, Yung E, Beltran RJ, Yu J, Kalpana GV. 1999.
c-MYC interacts with INI1/hSNF5 and requires the SWI/SNF complex for
transactivation function. Nat Genet 22:102-105. http://dx.doi.org/10
.1038/8811.

Sorin M, Cano J, Das S, Mathew S, Wu X, Davies KP, Shi X, Cheng SW,
Ott D, Kalpana GV. 2009. Recruitment of a SAP18-HDACI1 complex into
HIV-1 virions and its requirement for viral replication. PLoS Pathog
5:¢1000463. http://dx.doi.org/10.1371/journal.ppat.1000463.

Das S, Kalpana GV. 2009. Reverse two-hybrid screening to analyze pro-
tein-protein interaction of HIV-1 viral and cellular proteins. Methods Mol
Biol 485:271-293. http://dx.doi.org/10.1007/978-1-59745-170-3_19.
Hanawa H, Hematti P, Keyvanfar K, Metzger ME, Krouse A, Donahue
RE, Kepes S, Gray J, Dunbar CE, Persons DA, Nienhuis AW. 2004.
Efficient gene transfer into rhesus repopulating hematopoietic stem cells

36.

37.

38.

39.

40.

41

42.

43.

44,

45.

46.

Journal of Virology

using a simian immunodeficiency virus-based lentiviral vector system.
Blood 103:4062—4069. http://dx.doi.org/10.1182/blood-2004-01-0045.
Huang M, Orenstein JM, Martin MA, Freed EO. 1995. p6Gag is required
for particle production from full-length human immunodeficiency virus
type 1 molecular clones expressing protease. ] Virol 69:6810—-6818.

Wu X, Liu H, Xiao H, Conway JA, Hunter E, Kappes JC. 1997.
Functional RT and IN incorporated into HIV-1 particles independently of
the Gag/Pol precursor protein. EMBO ] 16:5113-5122. http://dx.doi.org
/10.1093/emboj/16.16.5113.

Song X, Chen X, Yamaguchi H, Mouneimne G, Condeelis JS, Eddy RJ.
2006. INT1 induces interferon signaling and spindle checkpoint in rhab-
doid tumors. Clin Cancer Res 13:4721-4730. http://dx.doi.org/10.1158
/1078-0432.CCR-07-0054.

Tsikitis M, Zhang Z, Edelman W, Zagzag D, Kalpana GV. 2005. Genetic
ablation of cyclin D1 abrogates genesis of rhabdoid tumors resulting from
Inil loss. Proc Natl Acad Sci U S A 102:12129-12134. http://dx.doi.org/10
.1073/pnas.0505300102.

Klein KC, Reed JC, Lingappa JR. 2007. Intracellular destinies: degradation,
targeting, assembly, and endocytosis of HIV Gag. AIDS Rev 9:150-161.

. Mahmoudi T. 2012. The BAF complex and HIV latency. Transcription

3:171-176. http://dx.doi.org/10.4161/trns.20541.

La Porte A, Kalpana G. 2016. Quantitation of Gag localization within
virus producer cells. Methods Mol Biol 1354:165-174. http://dx.doi.org
/10.1007/978-1-4939-3046-3_11.

Biegel JA, Kalpana G, Knudsen ES, Packer RJ, Roberts CW, Thiele CJ,
Weissman B, Smith M. 2002. The role of INI1 and the SWI/SNF complex
in the development of rhabdoid tumors: meeting summary from the
workshop on childhood atypical teratoid/rhabdoid tumors. Cancer Res
62:323-328.

Rafati H, Parra M, Hakre S, Moshkin Y, Verdin E, Mahmoudi T. 2011.
Repressive LTR nucleosome positioning by the BAF complex is required
for HIV latency. PLoS Biol 9:¢1001206. http://dx.doi.org/10.1371/journal
.pbi0.1001206.

Batsche E, Yaniv M, Muchardt C. 2006. The human SWI/SNF subunit
Brm is a regulator of alternative splicing. Nat Struct Mol Biol 13:22-29.
http://dx.doi.org/10.1038/nsmb1030.

Euskirchen G, Auerbach RK, Snyder M. 2012. SWI/SNF chromatin-
remodeling factors: multiscale analyses and diverse functions. ] Biol Chem
287:30897-30905. http://dx.doi.org/10.1074/jbc.R111.309302.

November 2016 Volume 90 Number 21


http://dx.doi.org/10.1371/journal.pone.0060734
http://dx.doi.org/10.1074/jbc.M603336200
http://dx.doi.org/10.1038/sj.emboj.7601074
http://dx.doi.org/10.1128/JVI.00742-09
http://dx.doi.org/10.1128/JVI.00742-09
http://dx.doi.org/10.1128/JVI.00006-10
http://dx.doi.org/10.1093/emboj/21.1.31
http://dx.doi.org/10.1093/emboj/21.1.31
http://dx.doi.org/10.1038/8811
http://dx.doi.org/10.1038/8811
http://dx.doi.org/10.1371/journal.ppat.1000463
http://dx.doi.org/10.1007/978-1-59745-170-3_19
http://dx.doi.org/10.1182/blood-2004-01-0045
http://dx.doi.org/10.1093/emboj/16.16.5113
http://dx.doi.org/10.1093/emboj/16.16.5113
http://dx.doi.org/10.1158/1078-0432.CCR-07-0054
http://dx.doi.org/10.1158/1078-0432.CCR-07-0054
http://dx.doi.org/10.1073/pnas.0505300102
http://dx.doi.org/10.1073/pnas.0505300102
http://dx.doi.org/10.4161/trns.20541
http://dx.doi.org/10.1007/978-1-4939-3046-3_11
http://dx.doi.org/10.1007/978-1-4939-3046-3_11
http://dx.doi.org/10.1371/journal.pbio.1001206
http://dx.doi.org/10.1371/journal.pbio.1001206
http://dx.doi.org/10.1038/nsmb1030
http://dx.doi.org/10.1074/jbc.R111.309302
http://jvi.asm.org

	MATERIALS AND METHODS
	Reverse yeast two-hybrid analysis and glutathione S-transferase (GST) pulldown assays.
	Viral DNA transfection, viral particle production, and p24/p27 ELISA.
	Methylene blue uptake assay to determine cell viability.
	Dual-luciferase assay to determine the effect on LTR transcription.
	Reverse transcription-qPCR to determine the levels of gag RNA.
	Pulse-chase (35S) analysis of viral proteins.
	Isolation of 35S-labeled viral particles and intracellular 35S-labeled viral proteins.
	Immunoprecipitation of intracellular HIV Gag.
	Confocal microscopy.
	Immunohistochemistry.

	RESULTS
	Isolation of INI1 mutants defective for binding to SAP18.
	SID-INI1 mutants selectively inhibit HIV-1 particle production at two distinct stages.
	SID-INI1-B-mediated inhibitory effect is dependent on the presence of IN within the context of Gag-Pol and is independent of PR.
	SID-INI1 mutants do not affect LTR transcription.
	SID-INI1 mutants inhibit posttranslational Gag stability.
	SID-INI1 mutant inhibits the accumulation of Gag/Gag-Pol at the membrane.
	Knocking down INI1 reduced Gag/Gag-Pol levels and particle production.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

